Objective.-To provide a narrative review of clinical development programs for non-oral, non-injectable formulations of dihydroergotamine (DHE) for the treatment of migraine.
INTRODUCTION
Ergotamine has historically been used to treat migraine since the middle ages, and as a pharmaceutical since 1926, 1 but is limited by poor tolerability (nausea, vomiting, and cardiovascular effects), thus attempts were made to synthesize compounds with the same efficacy but reduced safety concerns. Dihydroergotamine (DHE) was synthesized by Stoll and Hofmann in 1943 and was the 45th experimental modification hence the original intravenous (IV) formulation was branded as D.H.E. 45 ® . This modified molecule is more potent than ergotamine as an alpha-adrenergic antagonist (but less potent as an arterial vasoconstrictor), from which it is derived and causes less nausea and vomiting. 2 DHE was originally envisaged as an antihypertensive agent, but it was later shown to be highly effective in treating migraine at the Mayo Clinic. 3 DHE has a chemical structure similar to many naturally occurring neurotransmitters (eg, epinephrine, norepinephrine, dopamine, and serotonin) and as a result binds to a broad range of receptors ( Fig. 1 ). 4 DHE was approved in 1946 as one of the first drugs of the post-World War II era and continues to be a choice today for acute migraine, status migrainosus, and cluster headaches. DHE is erratically absorbed through the gut with absorption ranging from 10 to 60% and extremely poor oral bioavailability (0.07-0.14%), 5 and therefore this molecule is limited to non-oral routes of administration. IV administration of DHE is especially effective for treating acute migraine and has a high response rate. Other routes of administration such as nasal delivery (Migranal) have been approved but report 32% bioavailability 6 and variable pharmacokinetics (PK) that create therapeutic challenges (eg, unpredictable clinical response or adverse events). Thus, an unmet need exists for more effective and consistent delivery of DHE that provides improved safety, tolerability, and ease of use while retaining its efficacy. In the last decade, an orally inhaled version of DHE (suspended in hydrofluoroalkane [HFA] propellant), MAP0004 showed promise with a successful clinical development program but failed to overcome manufacturing issues so has never been approved. Now, with renewed interest in the disease, at least 3 companies are developing nasally delivered options of DHE while other nonoral, non-injected products are also in development.
This narrative review will highlight the development of non-oral, non-injected DHE programs for acute migraine and summarize the status of the 5 programs in development (3 nasal, 2 in late stage clinical, 1 microneedle patch, and 1 sublingual film) and the 1 oral inhalation formulation. These are the currently, or recently active, development programs identified for DHE which attest to the considerable interest in this 70-year old molecule.
METHOD
A literature search of MEDLINE and PubMed similar to the one conducted by Silberstein and Kori 2013, 7 revealed 1881 publications with the search term DHE (20 September 2019) . When the search was narrowed to DHE and last 10 years, 164 records were obtained. These were manually reviewed and categorized as: chemistry (6) , case series (15) , reviews including guidelines that many of which were in pediatrics (73) , cluster headache or other headache syndromes (8) , other Central Nervous System indications and experiments (6) , epidemiology and health outcomes work (5), novel randomized controlled clinical studies including 1 double blind, double dummy study comparing oral sumatriptan to an "oral ergotamine preparation" from Bosnia-Herzegovina, 8 which is not further discussed (6) , preclinical work (13) , letters (2), and not relevant (17) (for example: signaling pathways in bovine sperm motility, environmental residue detection, DHE tartrate for treatment of lung cancer, and genetic mapping of Plasmodium falciparum). Within the past 10 years the only novel clinical research published were 12 papers from MAP Pharmaceuticals (MAP0004) and 1 from Impel NeuroPharma (INP104). Another company, Satsuma presented data on their nasal DHE product at the American Headache Society Annual meeting in July 2019. These are further discussed in this narrative review below.
MIGRAINE
Migraine is very common with a worldwide prevalence of 14.3%; 9 and along with severe headache is estimated to affect 1 in every 6 adult Americans. 10 A 2016 report found that migraine remained one of the leading causes of disability worldwide 11 and the third leading cause of disability worldwide for those aged 15-49 years. 9 The social and economic burden of migraine remains substantial from lost productivity and functionality, reduced quality of life (QoL), and enormous economic burden. 12 In the United States, the direct and indirect cost burden of acute migraine is substantial, 13 with migraine patients experiencing high levels of lost days at work, which is associated with significantly higher indirect costs and higher levels of healthcare utilization. In the United States alone, annual costs for healthcare and lost productivity from migraine are estimated at $36 billion (Migraine Research Foundation), while in Europe, annual direct, indirect, and societal costs of migraine are estimated at €27 billion. 14
TREATMENT OF MIGRAINE
Dihydroergotamine has accumulated over 70 years of clinical practice data demonstrating that it is a safe and reliable treatment when delivered consistently. When given IV, DHE achieves adequate blood levels to treat acute migraine and provide rapid and sustained relief. The supportive body of clinical evidence for DHE is vast and impressive and suggests a risk profile that some compared to the triptans. 15 For many years, until the advent of the triptans, the ergotamines were the only specific antimigraine drugs. 16 Nowadays, treatment of acute episodic migraine often begins with one of the triptans, 17 which have made a significant impact on the management of migraine as evidenced by the number of different molecules that have been developed. They are now available as inexpensive generics, yet only 1 in 5 patients actually use them. 18 The limitations of triptans include need for early dosing (within an attack), inadequate response, and headache recurrence that result in poor adherence and discontinuation. [19] [20] [21] Triptans fail to relieve migraine in >30% of acute migraine patients 22, 23 with headache recurrence occurring in approximately onethird. 22 Almost 50% of acute migraine patients experience frequent nausea that contributes to the burden of migraine, 24 and leads to anxiety about taking any oral medication during an attack. In a survey from 3 headache centers, 42% of migraineurs reported dissatisfaction with their treatment, 37% were dissatisfied with the onset of effect, 50% with headache recurrence, and 42% with the need for a second dose of medication. 25 A survey of over 8200 U.S. migraine sufferers reported that current treatments for acute migraine were associated with inadequate 2-hour pain-free response (56%), inadequate 24-hour pain relief (53.7%), and headache recurrence (25.7%). 26 This may be partly explained by inter-and intra-subject variability.
Two new classes of drugs are being developed for the treatment of acute migraine, the ditans and the small-molecule calcitonin gene-related peptide antagonists, or gepants (not to be confused with monoclonal antibodies being developed, or already approved, for preventive treatment of migraine). The ditans and gepants are alternatives to triptans for acute migraine treatment, but lasmiditan, rimegepant, and ubrogepant are not more effective than most triptans or DHE (Table 1) . [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Acute migraine treatment continues to be a challenge, and a need exists for additional (preferably non-oral, non-injected) acute migraine treatments. 39 
DHE -EARLY CLINICAL DATA
Dihydroergotamine was first used to treat migraine in 1945, 3 and was approved in 1946. A prospective, double-blind, crossover study was conducted on the effectiveness of DHE vs active control for acute migraine treatment (n = 37) in the emergency department; patients could be pretreated with IV prochlorperazine. 40 Importantly for patients, by 60 minutes after treatment, those receiving DHE first had significantly better relief of pain than those receiving it later. The authors concluded that treatment with IV prochlorperazine and DHE was safe and effective. A series of 55 patients with intractable migraine were given DHE IV every 8 hours (with metoclopramide) for up to 2 days and compared to 54 age-and sex-matched patients treated with diazepam. 41 With DHE, 49/55 patients became headachefree by 48 hours, with 39 reporting sustained benefit up to 16 months. In contrast, only 7/54 diazepamtreated patients became headache-free. The DHE plus metoclopramide regimen quickly became popular and was known as the "Raskin protocol" and many headache clinics established infusion centers where patients could receive IV DHE. However, not all agree with the conclusion of the trial based on the methodology. 42
DHE -BROAD RECEPTOR BINDING PROFILE
Dihydroergotamine is an agonist at 5-HT 1B , 5-HT 1D , and 5-HT 1F receptors but also binds to 5-HT 1A , 5-HT 2A as well as to adrenergic, cholinergic, and dopaminergic receptors. 43 This may result in greater efficacy in patients inadequately responding to triptans, 44 for example, in patients with recurrent or prolonged migraine and those experiencing allodynia 45 who are often less responsive to triptans. 46, 47 Once bound, DHE dissociates slowly from 5-HT 1B/1D receptor sites. 48 DHE has a considerably longer dissociation half-life compared to sumatriptan, 1.38 and 1.28 hours for DHE from the 5-HT 1B and 5-HT 1D receptors, respectively, compared to 0.17 and 0.09 hours, respectively, for sumatriptan. 49 
BENEFITS OF DHE
Systemic DHE has a rapid onset and sustained effects lasting up to 48 hours and which may be exerted at any time point after migraine onset, from early (within 2 hours) and up to 8 hours after onset. 50 DHE is often effective in patients who wake with migraine (a large subset -48%), 51 are triptan resistant, have menstrual migraine, allodynia or severe and/or prolonged migraine, 45, 47, 50, [52] [53] [54] [55] [56] or have cluster headache. 57 has minimal risk of medication overuse headache. 56 Repetitive IV DHE was effective in 100% of inpatients with cluster headache. 58 DHE has high rates of sustained migraine relief. 49 In an animal model, DHE reversed central sensitization, even after established, while a triptan was ineffective. 59 The following sections will outline some of the data that supports how DHE can meet many of these criteria, and new products can overcome the inconsistency and other drawbacks of the currently marketed nasal spray. Many of these points were addressed in a recent review of DHE use. 60
DHE -CURRENTLY AVAILABLE PRODUCTS
The following section compares and contrasts formulations of DHE that have been approved and are currently marketed.
D.H.E. 45 ®
D.H.E. 45 is available for IV, subcutaneous (SC), or intramuscular (IM) administration. IV DHE is used most often in the emergency room or by headache specialists, often after other treatments have failed. 61 IV infusion of DHE 1 mg/8 hours for 1-3 days in the hospital setting has a very high response rate for refractory migraine patients: 97% pain reduction, 60-78% pain freedom. 62, 63 However, IV DHE, because of its high peak plasma concentration (C max ), has more systemic side effects than other formulations. 43, 44, 64 Despite these drawbacks it remains a popular choice in specialist Headache centers. 55, 61 The IV route remains the fastest, most effective method of administering DHE but requires appropriate facilities and trained healthcare staff able to establish IV access and then administer on a doctor's orders. IV DHE is typically administered in intermittent or bolus injections in the emergency room or infusion center, or continuously in inpatient settings for the treatment of status migrainosus.
SC and IM DHE have limited efficacy due to needle phobia and poor tolerability, including local irritation that limit injectable formulations. 7 Pharmacokinetic parameters for injected DHE preparations are presented in Table 2 .
DHE -NASAL: MIGRANAL ®
DHE nasal spray (Migranal ® ), was approved in December 1997 as a noninjectable version of DHE to overcome the limitations of IV administration. The product comes as a clear, colorless to light yellow solution in an amber glass vial containing DHE mesylate 4 mg, caffeine (anhydrous) 10 mg, dextrose (anhydrous) 50 mg, carbon dioxide, and water up to 1 mL. The nasal spray delivers formulation to the lower nasal cavity. However, this region of the nose has thick, ciliated 44 §Shrewsbury et al (2008) . 68 ¶Mean of data from 6 trials with 1 mg MAP0004 for C max , 4 trials for AUC 0-inf and 1 trial for AUC 0-2 . 65 † †Data presented at AHS Meeting, July 2019. 5.2 mg DHE = 6.0 mg DHE Mesylate. 67 pseudostratified columnar epithelium 69 along with a mucus layer. 70 This contributes to low systemic bioavailability (32%), significant "spillage" 71 along with inter-subject differences in self-administration, leading to suboptimal therapeutic effects, and rhinitis, which is a common adverse event (AE) (26%). 6 Drug deposition and coalescence in the vestibule region, from the cloud-like plume of the liquid spray in the lower nasal cavity, can lead to drug loss, 70, 72, 73 as it runs out onto the upper lip or down the back of the nasopharynx, leading to reports of disturbed taste 8% and abdominal pain (0.1-1.0%).
Migranal 2.0 mg was shown to be effective in 4 randomized, double-blind, placebo-controlled studies in the United States. 6 Headache response (rather than pain freedom) was reported at 2 hours as significant in the first trial only and at 4 hours in 3 out of 4 trials. Response rates and therapeutic gain (active -placebo response) are summarized in Table 3 . The therapeutic gain varied from as little as 10% (2-hour response in trial 4) to as much as 42% (4-hour response in trial 1), suggesting a variability in response that might translate into a lack of clinical reliability -especially in the initial 2 hours after dosing.
DHE -IN DEVELOPMENT
MAP0004 (Levadex/Semprana).-MAP Pharmaceuticals developed an orally inhaled formulation of supercritical fluid processed DHE particles suspended in HFA propellant (MAP0004) and completed a comprehensive preclinical and clinical development program with the product. The New Drug Application was filed but has never been approved with the Food and Drug Administration citing manufacturing concerns (content uniformity from an improved canister filling process and standards for device actuation) in a complete response letter issued in June 2014. No issues related to clinical safety or efficacy were cited, but further development appears to have been terminated. However, the pharmacokinetic and pharmacodynamic data generated with MAP0004 is relevant to current DHE development programs and had not been generated for the original DHE 45 approval in 1946 or for the subsequent Migranal approval in 1997. Much of what we now know about DHE has come from these relatively recent studies. Results from the MAP0004 Phase 1 studies demonstrated a rapid T max and lower C max for orally inhaled DHE vs IV DHE, but with comparable exposure (area under the concentration-time curve [AUC]) and improved tolerability. 65, 68, 74, 75 The mechanism for the improved tolerability for MAP0004 vs IV DHE was attributed to a substantially lower peak DHE concentration with less binding to receptor sites (that require a high DHE concentration) contributing to reduced adverse effects with MAP0004. 43, 64 In a 2-dose period, randomized, double-blind, placebo-controlled Phase 2 study in patients with acute migraine, an early onset of action (10 minutes) was -hour pain  relief and pain freedom as well as sustained pain relief  and pain freedom. 76 Both a higher (2.0 mg) and lower (0.5 mg) nominal dose were explored, but neither were found to improve on the efficacy/tolerability ratio seen with the 1.0 mg dose which had previously generated a C max of ~ 1/30th of the 1.0 mg IV dose but an AUC 0-inf of ~ 1/3rd. The 1.0 mg nominal dose was selected as optimal and used in a pivotal, double-blind, randomized, placebo-controlled study of 792 acute migraine patients, where MAP0004 was significantly more effective than placebo for 2-hour pain relief and pain freedom as well as absence of phonophobia, photophobia, and nausea at 2 hours; significant pain relief and pain freedom was achieved for 30 minutes with MAP0004 vs placebo. 27 Further, results from a post hoc analysis found that pain relief was independent of the time of MAP0004 administration during the migraine attack, 50 even >8 hours from headache onset. 69 The pulmonary safety of orally inhaled DHE was demonstrated in a placebo-controlled study of MAP0004 in asthmatic patients. 77 In addition, a pooled analysis of 4 PK studies with MAP0004 suggested that AUC 0-2 was the most important parameter for predicting pain relief. 65 From this pooled analysis, nausea was reported. In patients with a DHE C max exceeding 13,400 pg/mL it was reported in 50%, but in patients with a DHE C max of under 5,000 pg/mL it was reported in less than 2%. 78 Although the clinical program for MAP0004 successfully demonstrated efficacy and tolerability, 27, 76 after 3 complete response letters from the Food and Drug Administration, MAP0004 was not approved because of manufacturing issues with the delivery system. Thus, while MAP0004 was a promising formulation for administering DHE, and was until recently still awaited eagerly, 79 the regulatory experience highlights the challenges with the approval of a combination of drug-device product with a complex delivery system and drug stability in HFA propellant. Currently no alternative orally inhaled DHE products are in development, but that situation may change.
Research with MAP0004 in head-to-head studies with IV DHE had addressed some of the concerns about DHE safety, especially with regard to cardiovascular effects, yet this still remains a concern. DHE -CARDIAC SAFETY 5-HT 1B and 5-HT 2A receptors are present on the smooth muscle in the coronary arteries, but to a lower extent than on cranial arteries. This has been responsible for anxiety about the cardiac safety of DHE. To address this concern, as part of the development of MAP0004, competitive binding of MAP0004 was investigated at a range of receptors: adrenergic (α1 [non-specific], α2A, α2B, α2C, β), dopaminergic (D; D1, D2, D3), and serotonergic (5-HT 1A , 5-HT 1B , 5-HT 1D , 5-HT 2A , 5-HT 2C , 5-HT 3 , 5-HT 4 , 5-HT 5A , 5-HT 6 , 5-HT 7 ) for the parent DHE as well as the major metabolite, 8′-hydoxy-DHE (8′OH-DHE). 43 This was complemented by functional binding studies for the serotonergic, adrenergic, and muscarinic receptors. At concentrations found with IV DHE (C max : 53,000 pg/mL), DHE was active at all serotonergic receptors (except 5-HT 3 and 5-HT 4 ) and at adrenergic (α1, α2A, α2B, α2C) and dopamine D3 receptors. In contrast, at plasma levels of 4300 pg/mL (C max of 4 actuations of MAP0004), significant receptor binding was seen at 5-HT 1B and 5-HT 1D only with similar limited functional binding profiles. This occurred at a similar AUC 0-48 of 9683 vs 7472 pg*h/mL for IV DHE and MAP0004. No activity was noted with the respective plasma C max of 8'OH-DHE bio-active metabolite. Thus, similar total exposure (AUC) with reduced peak plasma exposure (C max ) of DHE led to a difference in receptor engagement that could potentially reduce the theoretical cardiovascular risk associated with IV DHE. Consistent with this, the Phase 1 study reported fewer AEs in healthy volunteers for MAP0004 -with dizziness reported by 44% with IV DHE compared to only 8% with 4 actuations of MAP0004, paresthesia (31% vs 0%), nausea (63% vs 0%), and emesis (13% vs 0%).
Following satisfactory preclinical work, a randomized, double blind, 3-period clinical study investigating cardiac safety was undertaken. MAP0004, IV DHE or placebo were given to 24 healthy volunteers at 0 and 3 hours and PK, ECG, and Doppler echocardiogramderived measures of pulmonary arterial systolic pressure (PASP) were recorded. 74 The change in PASP was significant with IV DHE (AUC 0-2h of 2857 mm Hg*min, P = .001), but not with MAP0004 (2624 mm Hg*min) compared to placebo (2453 mm Hg*min), with no other clinically significant changes in a cardiac parameters. No significant ECG changes were observed. Even supratherapeutic doses of MAP0004 did not affect the QT interval. 80 Mean changes in blood pressure, both systolic (SBP) and diastolic (DBP), 15 minutes after IV DHE were 6-12 mm Hg, compared to 3-5 mm Hg for SBP and 1-2 mm Hg for DBP with MAP0004, which were similar to placebo. The PK data confirmed the high C max seen with IV administration (58,321 pg/mL) compared to the C max with MAP0004 (2475 pg/mL after first dose and 3063 pg/mL after second dose) that was effective in the clinical studies. 27, 76 A recent review examined the evidence of cardiovascular safety concerns with DHE (and triptans) and suggested that evidence for harm with these 5HT agonists is missing 81 even for those suffering from what is now classified as Migraine with Brainstem Aura (MBA) or Hemiplegic Migraine. 82 The final concluding statement from the review reminded us of the primary role of neuronal processes in the pathophysiology of migraine, rather than vascular. A further drug-drug interaction (DDI) study showed that co-administration of ketoconazole, a powerful CYP3A4 inhibitor, with orally inhaled DHE did not affect the PK of DHE suggesting that the customary DHE label contraindication is unnecessary. 83 
PHARMACOLOGY OF NASAL DRUG DELIVERY
The nasal cavity has been proposed as an entry point for therapeutics into the systemic circulation, but most programs, like Migranal ® , have targeted the lower nasal cavity. Drug absorption via the upper nasal cavity is currently not utilized as a route for systemic drug delivery but offers a desirable alternative for achieving systemic drug effects because of the highly vascular nature of the upper nasal cavity, good tissue permeability, and avoidance of first pass hepatic metabolism. [84] [85] [86] Drug delivery via the thinner, but highly vascularized olfactory epithelium of the upper nasal cavity, may lead to more consistent and predictable systemic absorption 87 than via the lower nasal cavity. Limited and inconsistent systemic absorption have been reported with the traditional nasal sprays that were originally developed and successfully used for treating local nasal disease -such as allergic rhinitis, where systemic absorption was neither sought nor desired.
Once delivered to this olfactory epithelium deeper in the nose, the likelihood of it dripping out of the front of the nose, or down the back of the throat, may be reduced (Fig. 2 ) compared to traditional nasal sprays. The primary challenge, in achieving significant absorption, is depositing drugs in the upper nasal cavity. Due to the complex architecture of this area, drugs delivered with standard nasal devices such as droppers, sprays, or pumps typically deposit less than 5% of the active drug into the upper nasal cavity, and thus do not consistently or effectively get enough drug to this surface for absorption and hence into the body. Three companies are currently developing nasal DHE products, of which 2 of those are now in phase 3 of clinical development.
INP104
Impel NeuroPharma has, since 2011, been developing the Precision Olfactory Delivery or POD ® nasal drug delivery platform designed to utilize the rich vasculature found in the olfactory region, 87, 88 allowing for consistent, predictable delivery, and improved bioavailability. 89 By keeping the HFA propellant and the drug (either in liquid or powder form) separate until the point of delivery, the POD system overcomes the significant chemistry, manufacturing, and controls (CMC) challenge of dose uniformity and stability of drugs for airway delivery that MAP0004 encountered. INP104 uses exactly the same formulation for the DHE drug product that is used in the currently approved Migranal product but administered by the POD device to deliver a larger fraction of DHE to the upper nasal region, above the middle turbinate ( Fig. 3) using a low velocity plume of ambient temperature propellant to push a narrow, focused plume to this space (Fig. 4) . This leads to a very different PK profile compared to the same formulation delivered by a "traditional" nasal spray. A single 1.45 mg dose administered with POD delivers peak plasma concentrations of DHE that are up to 10-fold lower compared with 1.0 mg IV DHE, but from 20 minutes onward, the PK profile is similar to IV DHE 66 with an AUC 0-2 that is similar to that of MAP0004. INP104 also provides a more reproducible dose delivery than Migranal. 66 Results from a Phase 1 study (NCT03401346) demonstrate a substantially lower peak plasma DHE concentration but comparable exposure (AUC) with INP104 vs IV DHE. 66 (Fig. 5 ). In this study, INP104, which utilized the same formulation as Migranal but at <75% of the dose, achieved a 4-fold improvement in DHE C max and a 3-fold improvement in DHE AUC compared to Migranal, matching the IV DHE profile from 20 minutes to 48 hours. This was accomplished by pushing the DHE formulation approximately 3 cm deeper than traditional nasal sprays, delivering the majority of DHE into the upper nasal space.
The incidence of any treatment-related AE was 19.4% with INP104, 34.4% with IV DHE, and 11.8% with Migranal. 66 Drug leakage out of the nose or into the nasopharynx after nasal administration with INP104 was reduced compared to Migranal. Subject self-reporting of "nose dripping" after a single dose was 32.3% with INP104 and 76.5% with Migranal. 66 Further analysis of the cardiovascular safety data from STOP101 indicated brief but statistically significant changes in (peripheral) blood pressure observed after IV dosing that were not seen with either nasal administration. 90 STOP 301, a Phase 3 study with INP104 for the treatment of acute migraine headache, has completed enrolling (NCT03557333) to assess safety and tolerability over 24/52 weeks. The trial incorporates nasal endoscopy and the University of Pennsylvania Smell Identification Test (UPSIT) to examine olfactory mucosal integrity and function. In addition, STOP-301 is capturing efficacy endpoints via an e-diary, as well as assessing healthcare utilization and QoL.
STS101
Satsuma Therapeutics is developing a proprietary powder formulation of DHE (mixed with microcrystaline cellulose, tribasic calcium phosphate, and possibly anhydrous caffeine -their patent covers both with and without options) and a small, compact, plastic "squeeze bottle" device with a one way valve developed by Shin 89 Nippon Biomedical Laboratories (SNBL). A phase 1 PK study (NCT03874832) has been completed and a large phase 3 single dose, efficacy, and safety trial (NCT03901482) is underway. The phase 1, 2-period, 3 single dose, PK, and safety study was completed at the Quotient phase 1 unit in Florida in early 2019 with 1.3, 2.6, or 5.2 mg of STS101 (equivalent to 1.5, 3.0, and 6.0 mg of DHE mesylate) tested in Period 1 and then comparing STS 5.2 mg in Period 2 to 1.0 mg DHE mesylate given IM or 2.0 mg DHE mesylate nasal spray.
The results were presented at the American Headache Society meeting in Philadelphia in July 2019. 67 STS101 5.2 mg generated a DHE C max of 2175 pg/mL at a median T max of 0.5 hour, compared to values of 3368 pg/mL for 1.0 mg IM DHE and 961 pg/mL for Migranal ( Table 2 ). AUC 0-inf of 66 12,030 pg*h/mL was similar to that following IM 13,650 pg*h/mL and approximately double that of Migranal 2.0 mg at 6496 pg*h/mL. The AUC 0-2 of STS101 5.2 mg was 2979 pg*h/mL compared to 4791 pg*h/mL with 1 mg IM DHE and 1316 pg*h/mL with Migranal nasal spray. Overall, the plasma exposure to DHE and the C max were lower than expected, given the high dose of STS101 (6 mg DHE mesylate) when compared to Migranal 2 mg. Further, the profile of the 8′OH-DHE metabolite was not reported but is anticipated to be significant, given this higher dose of DHE mesylate (6.0 mg) administered compared to all other DHE nasal or injectable products. Also not reported was absolute (or relative to IM) bioavailability, though estimates suggest that the bioavailability for STS101 is less than reported for Migranal. In this study, 39% of STS101 subjects reported a TEAE, vs 18.5% with Migranal and 15.4% with IM DHE. Nasal discomfort at 34.1% (Migranal 7.4%), dysgeusia 22.0%, rhinorrhea 14.6%, rhinalgia 12.2%, and nasal congestion 12.2% suggest local irritation with the novel powder formulation may occur although all AEs were mild; none led to withdrawal and no SAEs were reported. On the basis of these results, Satsuma are now embarking on a large phase 3 safety and efficacy study, comparing 2 doses of STS101 to placebo in 1140 migraineurs in their EMERGE study (NCT03901482). Full publication of the Phase 1 data is awaited with interest. These 2 nasal delivery programs are tackling the shortcomings of Migranal in different ways and both generate plasma levels of DHE that, based on the MAP experience, should be effective. INP104 delivers 1.45 mg of DHE to the upper nasal space and Satsuma are delivering 6.0 mg of DHE mesylate (as their high dose) in an ongoing study. Long term safety information with both products may be revealing.
DFN-19
Promius Pharma (website), indicate a DHE based nasal spray in phase 2 of clinical development, however there are no active, or completed, clinical trials registered on Clini calTr ials.gov, no publications about the product, and no further information available apart from a mention in a corporate presentation to investors in 2015 and a patent. 91 However, that patent is broad and provides for a range of dosing administration times (<15 minutes), delivered in <4 sprays (Line 22) by a pre-primed device (Line 16) at doses of 0.5 to 2.0 mg (Line 35), with one or more of a variety of stabilizers (30 acids alone are mentioned in the patent [Line 79]), preservatives (Line 174), and viscosity enhancing agents (Line 176), but leading to a plasma level of 700 pg/mL 10% faster than Migranal (Line 201), a C max of "at least about" 10% higher (Line 212), 20% higher (Line 221), or 30% higher (Line 222) with 10% less coefficient of variation than Migranal (Line 224 
OTHER NON-ORAL DHE PROGRAMS
A team from the Georgia Institute of Technology published PK results for a DHE-loaded dissolving polyvinylpyrrolidine microneedle patch (MNP) in hairless rat. 92 DHE was loaded onto the MNPs and after ex vivo experiments in pig skin and in vitro dissolution work, 15 hairless male Sprague-Dawley rats were administered 50 mcg of DHE as IV (1 mg/mL) (n = 5), SC (n = 5) or the DHE MNP which was left in place for 30 minutes, and in all animals, PK blood draws were taken for up to 360 minutes post dosing. The resulting PK parameters showed C max with MNP to be ~5% that of IV (at 7.1 and 141 ng/mL respectively) and ~70% of SC (at 10.7 ng/mL), but with more similar AUC (at 1259, 1751, and 1304 ng*min/mL for MNP, IV, and SC respectively). The T max was noted to be 37.5 min (MNP), 23.8 min (SC), and 2 min (IV), suggesting that the DHE MNP (although only produced at laboratory scale for this study), if scalable and once manufactured under GMP conditions, could be a viable alternative route of DHE administration.
Another team, based in Turkey, more recently reported the PK results of a DHE-loaded maltodextrin-pullulan sublingual film in rabbits. 93 After developing 16 different laboratory formulations of maltodextrin, pullulan, and propylene glycol (as plasticizer) to find the optimum disintegration, tensile strength, and dissolution at 10 minutes parameters, a formulation was selected that when cut into 2 cm 2 DHE-loaded patches, delivered 23.35% of the dose with a T max at 20 minutes. In an in vivo experiment, 12 anesthetized female New Zealand rabbits were given IV DHE (n = 6) or the sublingual film (n = 6) and blood drawn over the subsequent 8 hours. The results reported C max of 12.8 ng/mL for IV vs 0.85 ng/mL for the sublingual film, and AUC 0-480 of 14.3 vs 3.3 ng*h/mL, respectively, with a T max of 5 (first blood draw) and 20 minutes for IV and sublingual film, respectively.
WHAT DO PATIENTS WANT?
Recent market research 94 with patients experiencing migraines has identified the following attributes as most important for a successful acute migraine treatment:
• Fast acting (15-30 minutes) • Able to be taken at any time during the migraine • One medication that could relieve all migraine symptoms • Long lasting relief (12-24 hours) • Providing complete or near complete relied • Having few or minor side effects • Low cost/ insurance coverage • Ability to take medication and continue regular activities.
Current approved formulations of DHE deliver some but not all of the above attributes. Non-oral, noninjected DHE promised (with the MAP0004 program) to deliver these benefits but was not able to overcome manufacturing challenges. Two nasal products are in late stage clinical development with competing products. Other non-oral, non-injected formulations are in earlier stages of development but all believe that DHE is an underused and underappreciated drug in today's armamentarium.
SUMMARY
DHE is effective for the treatment of acute migraine even in patients with difficult to treat migraines such as the presence of allodynia (or frequent recurrence) 56 or when administered late in an attack. 72 IV DHE is effective for treating migraine with a rapid onset of action, a sustained effect, and independence to time of migraine onset, 61 but high peak plasma concentrations often cause nausea and vomiting that requires pretreatment with an antiemetic. 43, 95, 96 IV DHE requires establishing IV access and close monitoring for side effects and is not suitable for "at home" administration. A DHE formulation that provides similar plasma exposure to IV DHE but without the high peak plasma concentrations offers a desirable efficacy and safety profile for treating acute migraine with rapid onset and sustained migraine relief with a lower risk of recurrence and good tolerability.
The past 2 decades have seen attempts to develop orally inhaled and nasally delivered DHE formulations. Orally inhaled DHE showed good efficacy and tolerability for acute migraine, but was never able to solve CMC challenges. However, previous concern about the cardiovascular safety of DHE was investigated during the clinical development of MAP0004 and demonstrated that lowering the peak plasma concentration of DHE while maintaining similar early and total exposure to IV DHE is able to reduce cardiovascular (and gastrointestinal) side effects. 74 This has led to a better understanding of how to harness the power of DHE without compromising on efficacy, safety and tolerability.
While, traditional nasal spray delivery systems may not deliver adequate, consistent, or predictable levels of DHE to the systemic circulation, 66 at least 2 different novel nasally administered DHE products are in clinical development, one with fully published PK data. 66 The safety of DHE when delivered into the upper nasal space is currently being investigated in one repeat dosing Phase 3 safety study of 1.45 mg DHE mesylate (STOP 301) in 360 patients with migraine over 24/52 weeks utilizing nasal endoscopy and the assessment of olfactory function. Meanwhile a large single, "high dose" (believed to be 6.0 mg of DHE mesylate) or "low dose" of nasal powder is being studied in a safety and efficacy study vs placebo in ~1140 patients with migraine a different formulation and device. Thus, improved delivery of DHE to the nose may unlock the potential of DHE delivery for acute migraine in the home setting. INP104, by utilizing targeted upper nasal delivery, is exploring this novel target area for administration of a lower dose of DHE than the existing approved nasal spray. STS101 is aiming to improve efficacy by delivering a much larger dose (3 times the dose of Migranal). Other formulations of this established and trusted molecule are in earlier development but may in time provide even more non-oral, non-injected alternatives for the 1 in 10 of the population that suffer from migraine.
